In many individuals suspected of the common cancer predisposition Lynch syndrome, variants of unclear significance (VUS), rather than an obviously pathogenic mutations, are identified in one of the DNA mismatch repair (MMR) genes. The uncertainty of whether such VUS inactivate MMR, and therefore are pathogenic, precludes targeted healthcare for both carriers and their relatives. To facilitate the identification of pathogenic VUS, we have developed an in cellulo genetic screen-based procedure for the large-scale mutagenization, identification, and cataloging of residues of MMR genes critical for MMR gene function. When a residue identified as mutated in an individual suspected of Lynch syndrome is listed as critical in such a reverse diagnosis catalog, there is a high probability that the corresponding human VUS is pathogenic. To investigate the applicability of this approach, we have generated and validated a prototypic reverse diagnosis catalog for the MMR gene MutS Homolog 2 (Msh2) by mutagenizing, identifying, and cataloging 26 deleterious mutations in 23 amino acids. Extensive in vivo and in vitro analysis of mutants listed in the catalog revealed both recessive and dominant-negative phenotypes. Nearly half of these critical residues match with VUS previously identified in individuals suspected of Lynch syndrome. This aids in the assignment of pathogenicity to these human VUS and validates the approach described here as a diagnostic tool. In a wider perspective, this work provides a model for the translation of personalized genomics into targeted healthcare.
In many individuals suspected of the common cancer predisposition Lynch syndrome, variants of unclear significance (VUS), rather than an obviously pathogenic mutations, are identified in one of the DNA mismatch repair (MMR) genes. The uncertainty of whether such VUS inactivate MMR, and therefore are pathogenic, precludes targeted healthcare for both carriers and their relatives. To facilitate the identification of pathogenic VUS, we have developed an in cellulo genetic screen-based procedure for the large-scale mutagenization, identification, and cataloging of residues of MMR genes critical for MMR gene function. When a residue identified as mutated in an individual suspected of Lynch syndrome is listed as critical in such a reverse diagnosis catalog, there is a high probability that the corresponding human VUS is pathogenic. To investigate the applicability of this approach, we have generated and validated a prototypic reverse diagnosis catalog for the MMR gene MutS Homolog 2 (Msh2) by mutagenizing, identifying, and cataloging 26 deleterious mutations in 23 amino acids. Extensive in vivo and in vitro analysis of mutants listed in the catalog revealed both recessive and dominant-negative phenotypes. Nearly half of these critical residues match with VUS previously identified in individuals suspected of Lynch syndrome. This aids in the assignment of pathogenicity to these human VUS and validates the approach described here as a diagnostic tool. In a wider perspective, this work provides a model for the translation of personalized genomics into targeted healthcare. L ynch syndrome is a prevalent, dominantly inherited predisposition to colon and other visceral cancers and is caused by heterozygosity for a deleterious defect in one of the DNA mismatch repair (MMR) genes MSH2, MSH6, MLH1, or PMS2 encoding the MutS Homologs 2 and 6, the MutL Homolog 1, and Postmeiotic Segregation increased 2, respectively. Inadvertent loss of the second, wild-type allele in somatic cells results in MMR deficiency. The consequent inability to remove accidental nucleotide misincorporations during DNA replication leads to the accumulation of spontaneous genomic mutations and the rapid development of cancer (1) .
Lifelong preventive surveillance is an effective means to reduce cancer incidence and mortality in carriers of a pathogenic MMR gene mutation (2) . In addition, carriers may benefit from both targeted chemoprevention (3) and chemotherapy (4) . Unfortunately, in a significant fraction of all individuals suspected to have Lynch syndrome, a subtle alteration of one of the MMR genes is identified, such as a single amino acid alteration or a mutation of a putative splice site (5) . The pathogenicity of these so-called variant(s) of unclear significance (VUS) often cannot be assessed because of the absence of conclusive clinical and segregation data and the absence of data on the effect of the mutation on gene function. It is believed that primary screening for MMR gene mutations in selected populations, a cost-effective approach to improve general health, will cause a further increase in the incidence of MMR gene VUS (6) (7) (8) . The development and use of robust and accessible approaches to identify pathogenic MMR gene VUS will enable the implementation of targeted preventive and curative healthcare for carriers of pathogenic VUS. Meanwhile, unaffected relatives of such carriers can be liberated from the burden associated with the uncertain pathogenicity of the VUS while unwarranted inflow into preventive healthcare systems is reduced (9) .
The genetics and biochemistry of the MMR pathway have been established in detail (10) , which has enabled the development of in vitro assays to predict the pathogenicity of MMR gene VUS (11) . Although these assays can be useful tools in the prediction of pathogenicity, they are often laborious and time consuming, whereas defects that specifically affect functions of the variant genes in vivo, such as splicing, intracellular localization, or stability, may escape detection. To circumvent these issues, we have taken an in vivo, genetic screen-based approach. This approach combines the large-scale mutagenesis and identification of critical amino acids of MMR genes, the analysis of the mutant cell lines and proteins, and the compilation of these data in an annotated reverse diagnosis catalog. Such a catalog enables us to rapidly see whether a VUS concerns a residue that is critical for gene function in vivo, and therefore aids in the assessment of pathogenicity. Here, we describe the construction and extensive validation of a prototypic reverse diagnosis catalog of the core MMR protein Msh2.
Results
Genetic Screen to Mutagenize and Map Critical MMR Gene Residues.
We argue that residues, which are critical for MMR gene function in vivo, might be identified by a three-step procedure: treatment of cultured cells with a wide-spectrum mutagen to randomly induce genetic variants; isolation of clones that have lost MMR consequent to mutation of a critical amino acid; and identification of the causal mutations and their compilation in a reverse diagnosis catalog. Mouse embryonic stem cells (mESCs) are a suitable cell type for such a screen, as ES cells are primary diploid cells, although they are immortal. Furthermore, mESCs that are monoallelic for each of the MMR genes are available (12, 13) , which requires the inactivation of only the single, wildtype allele by a mutagenic event. Importantly, mouse and human MMR genes are >95% identical or homologous at the amino acid level.
To generate a pilot reverse diagnosis catalog, we used an mESC line that is monoallelic for Msh2 (Msh2 +/− ) (12) . This line was treated with the powerful, wide-spectrum, and relatively nontoxic point mutagen N-ethyl-N-nitrosourea (ENU; Fig. 1A ) (15, 16) . To isolate clones that have become MMR-deficient because of a mutagenic event at the monoallelic MMR gene, we subsequently exposed cells to the nucleotide analog 6-thioguanine (6TG; Fig. 1B ), to which MMR-deficient cells are tolerant (14, 16) . Then, unwanted clones that had acquired 6TG tolerance because of mutational inactivation of the X-linked yypoxanthine phosphorybosyl transferase (Hprt) gene, rather than loss of MMR, were killed by culture in a hypoxanthine-aminopterin-thymidinesupplement-containing medium (Fig. 1C) . In the remaining clones, the single Msh2 allele might be lost either by an ENUinduced substitution at a critical residue (Msh2 M/− in Fig. 1D ) or by loss of heterozygosity (Msh2 −/− in Fig. 1D ) (14) . The latter clones were discarded after screening with an Msh2 allele-specific PCR. The remaining cell clones are expected to harbor an ENUinduced substitution that inactivates a critical residue of the monoallelic Msh2 gene. Importantly, when wild-type (Msh2 +/+ ) ES cells were subjected to these treatments, no surviving clones were obtained, indicating that this procedure does not result in clones with a simultaneous mutational inactivation of both alleles of any of the MMR genes.
To identify ENU-induced amino acid substitutions in Msh2 in the selected clones, we sequenced the complete Msh2 ORF of clones that had retained expression of full-length Msh2 cDNA, as judged by reverse transcription-PCR (Table 1 ). This resulted in the identification of an amino acid substitution in monoallelic Msh2 in 41 clones. These substitutions alter 23 different amino acids, of which 3 amino acids were represented by two different substitutions in individual clones. These residues were then compiled in a prototypic reverse diagnosis catalog ( Table 2 and  Table S1 ). Mapping these amino acids to the MSH2 crystal structure revealed a clustering around the lever, connector, and ATPase domains of the protein, indicating the relative importance of these domains ( Fig. 2 A and B) (18) . Conversely, only a single deleterious mutation was found in the N-terminal region of Msh2 ( Fig. 2A) . Multivariate analysis of protein-polymorphisms-MMR (MAPP-MMR) (19) , an alignment-based algorithm, predicted 25 of 26 Msh2 mutants in the reverse diagnosis catalog to be deleterious and one to be borderline deleterious, a result that crossvalidates both MAPP-MMR and our reverse diagnosis screen ( Table 2) .
To investigate the applicability of our approach in the identification of pathogenic human MMR gene variants, we aligned the Leiden Open Variation Database, which lists human MSH2 variants, with the reverse diagnosis catalog. This revealed that of the 23 residues listed as critical in the catalog, 10 were previously identified as mutated in humans. Moreover, in 6 of these 10 cases, human VUS were identical to an ENU-induced deleterious amino acid substitution (Table 2) . This result provides strong support for the applicability of reverse diagnosis catalogs to identify pathogenic human MMR gene variants.
Msh2-Mutant Cell Lines Display Phenotypic Hallmarks of MMR Deficiency.
To validate the genetic screen experimentally, we assembled a validation panel consisting of 13 of the 26 mutant cell lines. These substitutions were chosen because all of these residues are represented in the Leiden Open Variation Database, either as an identical or different substitution or as a silent mutation (Table 2) .
Microsatellite instability is a diagnostic hallmark of cancer in Lynch syndrome (1). We measured the size of six different microsatellites in 40-50 subclones of each line from the validation panel. Microsatellites were shortened in the large majority of the subclones of each cell line, in support of MMR deficiency (Fig. 3A) . The microsatellite size reductions were less pronounced in the mESC lines than in Lynch syndrome-associated cancers (1) . This likely is a consequence of the absence of iterative cycles of expansion and clonal selection, which characterizes carcinogenesis. In addition to microsatellite instability, MMR defects are characterized by the accumulation of spontaneous nucleotide substitutions. Indeed, all cell lines from the validation panel displayed high frequencies of spontaneous Hprt mutants, mimicking the Msh2-disrupted control mESC line (Fig. 3B) .
MMR-deficient cells have acquired tolerance of DNAmethylating drugs, a class of agents that includes several chemotherapeutic drugs (10) . We tested our validation panel of cell lines for tolerance of the prototypic methylating drug N-methyl-N′-nitro-N-nitrosoguanidine. Indeed, all Msh2-mutant cell lines proved as tolerant as the Msh2-disrupted control line (Fig. 3C) .
Cumulatively, these results demonstrate that all cell lines from the validation panel have acquired all phenotypic hallmarks of MMR deficiency.
MMR Deficiency Is Caused by the ENU-Induced Mutations in Msh2. To provide conclusive evidence of the causality of the Msh2 mutations for MMR deficiency, we followed a biochemical approach, using an MMR assay that measures the ability of cell extracts to repair a defined G·T mismatch (20) . MMR activity was lost in extracts from all lines from the validation panel (Fig. 4A, black  bars) . To determine causality of the Msh2 mutations for MMR loss, we investigated whether the addition of recombinant purified wild-type human MSH2/MSH6 rescued the MMR defect in extracts from each mutant cell line. Indeed, the defect was significantly complemented in 11 cell extracts, confirming that the MMR deficiency is caused by inactivation of Msh2/Msh6, rather than by inadvertent loss of one of the other (biallelic) MMR genes ( Fig. 4B, gray bars) . Only in two of the extracts, each derived from a cell line with a different substitution at Msh2 residue N671, was the MMR activity not significantly restored by wildtype MSH2/MSH6 (Fig. 4A and see following) .
We wanted to directly prove causality of the mutated Msh2 amino acids for loss of MMR. To this aim, we used a wild-type human MSH2 cDNA as a template to mimic the 13 mouse Msh2 mutants from the validation panel by site-directed mutagenic PCR in the human gene. This was followed by in vitro transcription and translation to recreate MSH2 mutant proteins (20, 21) . The resulting proteins were heterodimerized with wild-type MSH6 and tested for their ability to restore MMR in extracts from the MSH2/MSH6-deficient human cancer cell line LoVo (22) . None of the 13 mutant MSH2/MSH6 human proteins complemented the LoVo cell extract (Fig. 4B) . This result provides direct and conclusive evidence for the causality of each of the ENU-induced amino acid substitutions in Msh2 for MMR deficiency, also in the human homolog. Therefore, this (18) . It should be noted that the term "mismatch binding domain" is a misnomer, as rather than Msh2, the homologous domain in Msh6 binds the mismatch. (Middle) An alignment of the Walker A and Walker B ATPase domains of human and mouse Msh2, highlighting residues that were mutated in the screen described here (orange boxes). Numbers reflect amino acid numbering. (B) Mapping of critical Msh2 residues mutated in our screen to the crystal structure of the human MSH2/MSH6 heterodimer. In color, MSH2 (see Fig. 2A for legends) ; in gray, MSH6. Mutated residues are shown as black spheres. The MutS/MutL and Exonuclease 1 (EXO1) interaction domains are not indicated in the crystal structure. (Right) Mutants S699P and V695E are obscured. result provides strong support for pathogenicity of the human mutants.
MMR Deficiency Is Caused by Loss of Protein Expression or by Specific
Biochemical Defects. To provide biochemical insights into the MMR defects in the cell lines, we investigated levels of mutant Msh2 proteins in the validation panel by Western blotting. This revealed that 6 of the cell lines had lost expression of Msh2 (Fig.  4C) , suggesting defective protein folding and/or stability. The heterodimeric partner of Msh2, Msh6, was also destabilized in these low-protein-level Msh2 mutants (Fig. 4C) , consistent with previous results (13) . By analyzing levels of mutant Msh2 proteins in fractionated cell extracts, we excluded intracellular mislocalization as a cause for the MMR defect of the seven Msh2 mutants that had retained significant protein levels (Fig. S1) .
To obtain insights into the biochemical defects of the mutants that had retained protein expression, we tested binding to G·T mismatched probes in extracts from these cell lines, using an electrophoretic mobility shift assay. With the exception of mutants N671I and N671K, binding to both the matched and mismatched probes was significantly reduced, suggesting a general defect in DNA binding in those mutants (Fig. 4D ).
Substitutions at Residue N671 of Msh2 Confer a Dominant-Negative
Phenotype. After mismatch binding by Msh2/Msh6, ATP binding to the distal ATPase domains of the protein (Fig. 2 ) results in the conversion of the mismatch-bound form of Msh2/Msh6 into a repair-competent DNA-embracing clamp that releases the mismatch (10). We tested ATP-induced mismatch release in cell extracts from all 6 mutants that had retained mismatch binding. ATP released the protein from the mismatch in most of these extracts, indicating that neither ATP binding nor intramolecular signaling is affected (Fig. 4E) . In contrast, extracts from both mutants at residue N671 were defective in ATP-induced release from the mismatch (Fig. 4 E and F) . Indeed, N671 is a highly conserved residue at the Walker A (ATP-binding) motif of the ATPase domain ( Fig. 2A) (10) . It is not unlikely that the normal mismatch binding of the N671I and N671K mutants, combined with the defect in ATP-induced mismatch release, precludes binding of wild-type Msh2/Msh6. This result is consistent with the inability of wild-type MSH2/ MSH6 to restore MMR activity to extracts from both mutant cell lines, as discussed earlier (Fig. 4A) . Complementary to this, we show that the addition of both N671 mutant proteins, but not the recessive G683R mutant protein, to a HeLa cell extract inhibits MMR activity (Fig. S2) . On the basis of these results, we conclude that the N671I and N671K substitutions confer dominantnegative phenotypes to Msh2.
Discussion Genetic Screens for the Identification of Pathogenic MMR Gene
Variants. The absence of well-established procedures to classify VUS in genes associated with cancer predisposition is a bottleneck in the translation of personalized genomics into targeted healthcare. To aid in resolving this problem in Lynch syndrome, we have developed a genetic screening procedure to mutagenize and identify critical MMR gene residues. This results in reverse diagnosis catalogs that list critical gene residues, together with the associated mutant cell lines. Given the causal relation of MMR deficiency for Lynch syndrome, VUS that are listed as deleterious in the reverse diagnosis catalog have a high probability of pathogenicity.
The screens are based on the mutagenic treatment of a mESC line, which is monoallelic for one of the MMR genes, followed by selection of clones that have acquired a deleterious substitution of a critical residue of the wild-type allele. This procedure mimics the somatic inactivation of the wild-type allele and the subsequent clonal outgrowth of MMR-deficient tumor cells that precedes cancer development in Lynch syndrome (23) . Therefore, the mutant cell lines can be used as models for cancer cell lines from patients carrying the corresponding mutation. The generation of reverse diagnosis catalogs is not restricted to Msh2, as in addition, cells deficient for the other core MMR genes are tolerant to 6TG (17) , and monoallelic mESC lines for these genes are available. A comprehensive reverse diagnosis catalog ( Table 2 and Table S1 ), linear gene map ( Fig. 2A) , or structural representation (Fig. 2B and Fig. S3 ), annotated with functional data, has to be generated only once for each MMR gene and will aid in assessing pathogenicity to human MMR gene VUS both now and in the future.
In the prototypic screen presented here, we have identified 26 cell lines, each carrying a deleterious Msh2 amino acid substitution, in total unveiling 23 amino acids that are critical for Msh2 function in vivo. Ten of these 23 amino acids have previously been identified as mutated in humans (Table 2 ). In 6 of these mutated amino acids, the amino acid substitutions in the individual and in the reverse diagnosis catalog were identical (Table 2) .
To validate the screen, we have extensively tested a panel consisting of 13 of the mutants, including those that were also identified as VUS in humans. All mutant cell lines from the validation panel display all hallmarks of MMR deficiency (Table Bars represent Hprt mutant frequencies ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the parental Msh2 +/− line. (C) Tolerance to the methylating drug N-methyl-N′-nitro-N-nitrosoguanidine in Msh2-mutant mESC lines. Bars represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the parental Msh2 +/− line. S1). With the exception of the dominant-negative substitutions at residue N671 (see following), the biochemical MMR defect was rescued by wild-type human MSH2/MSH6 in extracts from all mutant mouse ES cell lines. This demonstrates that the mutagenic treatment has not inadvertently inactivated any of the other MMR genes (Fig. 4A) . Finally, we have directly proven causality of the ENU-induced Msh2 substitutions in these 13 cell lines for the loss of MMR in a human setting (Fig. 4B) . Taken together, these experiments validate the use of the mouse cellbased genetic screen presented here to identify critical MMR gene residues, to use these data for the assignment of pathogenicity to human MMR gene VUS, and to investigate in vivo phenotypes of the mutant cell lines as models for tumor cell lines. Our pilot screen yielded only a single inactivating substitution at the N terminus of Msh2. This may have different causes, including a bias in the mutagenicity of ENU, a bias in the recovery of N-terminal deleterious mutations [e.g., resulting from degradation of mRNA (the clones analyzed here have stable cDNAs)], and an intrinsically low density of critical residues in the N-terminal part of Msh2. In support, deletion of the N-terminal 133 amino acids of Msh2 hardly affects MMR in Saccharomyces cerevisiae (24) . In the Human Gene Mutation Database (http:// www.hgmd.cf.ac.uk/ac/index.php), presumed deleterious missense variants are ubiquitous in the N-terminal part of MSH2. Possibly, many of these N-terminal substitutions represent hypomorphic mutations, whereas our screen selects for complete loss of function. Alternatively, it cannot be excluded that many of these N-terminal (and other) substitutions in MSH2 are classified incorrectly, as the criteria for their assignment are unclear. In this light, it is noteworthy to mention that the MMR Gene Unclassified Variants Database (www.mmruv.info) only reports a stretch of loss-of-function VUS located between V161 and C199 and then from C333 onward, based on functional assays.
Dominant-Negative Phenotypes of Msh2 Variants and Cancer
Predisposition. The extensive analysis of the mutants generated here has allowed the identification of dominant-negative phenotypes of Msh2 mutants N671K and N671I. In families suspected of Lynch syndrome, both identical (N671K) and nonidentical (N671Y) substitutions at MSH2 N671 have been described (19, 25) . The identification of dominant-negative mutations is of particular relevance, as they may confer a disease phenotype already in a heterozygous state. This may include the accelerated onset and expanded tropism of cancer. In fact, a family with a MSH2 N671Y mutation displays both an extended spectrum (colon, ovary, breast, esophagus) and a young average age of onset of cancer (37 y) (25) . In addition to substitutions N671I and N671K, several other mutants obtained in our screen have retained Msh2 protein expression (Fig. 4C) . From a diagnostic point of view, this is a significant observation, as loss of protein expression frequently is used to direct MMR gene sequencing in individuals suspected of Lynch syndrome (1). Therefore, even when immunostaining of a tumor is positive for the presence of all MMR proteins, the patient should be analyzed for VUS.
Approaches to Generate Comprehensive Reverse Diagnosis Catalogs.
In this study, we have focused on the identification of ENUinduced mutants that had retained full-length Msh2 cDNA. For this reason, Msh2 mutants that cause defects at the RNA level will have escaped identification. Indeed, in many of the clones, full-length cDNA or protein was not detected, and these clones were discarded (Table 1 ). In the future, deleterious mutations that disrupt transcription, splicing, or mRNA stability (26) (27) (28) may be identified by genomic, rather than cDNA, sequencing.
Analysis of the ENU-induced mutation spectrum at Msh2 in the clones generated here reveals substitutions at both A·T and G·C base pairs (Fig. S4) , supporting the notion that ENU is a widespectrum mutagen (15) . However, as mutagenesis by ENU may be not fully random, the mutagenesis and ensuing identification of all critical gene residues may be hindered. Higher saturation of the reverse diagnosis catalog may be achieved by the use of drugs with a complementary mutagenic activity, such as 4-nitroquinoline Noxide (29) or 7,12-dimethylbenz[a]anthracene (30) . 
Integration of Reverse Diagnosis Catalogs in Lynch Syndrome
Diagnostics. It is conceivable that, even when performed at a large scale and using multiple mutagens, the genetic screens proposed here may not be fully saturating, resulting in the absence of critical residues from the reverse diagnosis catalog. In other instances, the substitution identified in an individual, although at the same amino acid, may be different from that listed in the catalog. Such variants may correctly be assessed using cell-free MMR assays (20, 21) . Conversely, cell-free assays may not correctly identify pathogenic variants when the mutation specifically affects in vivo characteristics of the variant protein, such as its stability or intracellular localization, and these may rely on reverse diagnosis catalogs for identification. We envision that reverse diagnosis catalogs and cellfree activity assays may become important components of an integrated diagnostic procedure that also includes independent data sources such as segregation and pathological and bioinformatics data (11) . This will benefit targeted healthcare for individuals suspected to have Lynch syndrome but will also provide a paradigm for the management of gene variants in any genetic disease that has a defined underlying cellular and biochemical phenotype in the upcoming era of personalized genomics.
Materials and Methods
Determination of genomic mutator phenotypes, microsatellite instability analysis, methylation tolerance assays, and other procedures are described in the SI Materials and Methods.
Genetic Screens to Identify Critical Msh2 Residues. The outline of the generation of a reverse diagnosis catalog for Msh2 is described in Fig. 1 . In a P90 dish on irradiated feeder cells in mESC culture medium (Gibco), 5 × 10 6
Msh2
+/− mESCs (12) were seeded. To induce mutations, cells either were incubated in medium containing 0.2 mg/mL ENU (Sigma-Aldrich) for 2 h (14) or were mock-treated. Cells were propagated for 1 wk to allow loss of wild Msh2. Then, cells were seeded at a density of 2 × 10 6 cells per T90, followed by double treatment, with a 7-d interval, with 40 μM 6TG (Sigma-Aldrich) for 4 h. Inadvertent Hprt-deficient cells were eliminated by culturing the clones for 1 wk in hypoxanthine-aminopterin-thymidine (HAT)-supplemented medium (Gibco). Surviving clones were picked and expanded in 96-well plates. Next, clones that had lost the wild-type Msh2 allele by loss of heterozygosity, rather than by mutational inactivation, were discarded after their identification by allele-specific PCR (14) . In the remaining clones, the status of the Msh2 mRNA was analyzed by reverse transcriptase-PCR analysis. The Msh2 ORF of full-length cDNA clones was sequenced as described (24) .
Statistical Analyses. For experiments measuring microsatellite instability ( Fig. 2A) , mutator phenotypes (Fig. 2B) , and methylation tolerance (Fig.  2C) , P values were calculated by comparing with the Msh2 +/− ES cell line, using a one-tailed t test assuming unequal variance. For the cell-free MMR complementation assay (Fig. 4A) , P values were calculated for every extract individually, comparing repair efficiencies in the absence or presence of exogenous MSH2/MSH6, using a one-tailed t test assuming unequal variance. For the cell-free MMR assay (Fig. 4B) , P values were calculated compared with the mock using a one-tailed t test assuming unequal variance.
